The relationship between thyroid dose and diagnosis of primary hypothyroidism in pediatric brain tumor patients receiving craniospinal irradiation Abstract Purpose: The aim of this work is to determine if a relationship exists between thyroid dose and incidence of primary hypothyroidism (PH) in children undergoing craniospinal irradiation (CSI). Methods: A total of 22 patients received CSI with evaluable thyroid dose information. All patients received concurrent chemotherapy and 21 patients (95%) received adjuvant chemotherapy. Median follow-up was 42.9 months. Results: The incidence of PH in our cohort was 59% at a median time after radiotherapy of 3.5 years (range: 8 months to 7.5 years). Mean thyroid dose appeared to best predict for PH, with a median of 2080 cGy for patients with PH versus 1736 cGy for children without PH (p = 0.057). There was no association between the rate of PH and sex, age, CSI dose, minimum thyroid dose and maximum thyroid dose. Conclusions: A relationship may exist between the mean thyroid dose and incidence of PH in patients undergoing CSI. Thus, new strategies to protect the thyroid gland may be warranted.
Introduction
Primary hypothyroidism is a known consequence of external beam radiotherapy due to direct irradiation of the thyroid gland. For children undergoing craniospinal irradiation (CSI), the thyroid gland is irradiated in the exit dose of the spinal field. Previous reports estimated that approximately one-third of pediatric patients experience primary hypothyroidism as a result of CSI, with crude rates reported between 28% and 62% (1) (2) (3) (4) (5) (6) . However, the relationship between thyroid dose and the occurrence of PH in children undergoing CSI has not yet been extensively reported.
The relationship between thyroid dose and the occurrence of primary hypothyroidism has been explored in other disease sites. In pediatric patients undergoing radiotherapy for Hodgkin's disease, there appears to be a signi ficant threshold effect in the development of primary hypothyroidism for patients who received a total radiation dose > 2600-3500 cGy (7) (8) (9) (10) . However, such data did not describe dose-volume parameters particular to the thyroid gland. For adults undergoing head and neck radiotherapy, there is evidence of relationship between increasing radiation dose and the rate of development of hypothyroidism, although the dosimetric parameters that best define the risk of primary hypothyroidism have not been clearly identified in a meta-analysis (11) . Presently, a normal tissue complication probability (NTCP) model for radiation-induced primary hypothyroidism does not exist (12) . Models evaluating normal tissue complication rates estimate that the radiation dose corresponding to a 50% incidence of hypothyroidism (D 50 ) is 4400 cGy (13) . Emami estimated that, for the endpoint of clinical hypothyroidism, an 8% complication rate within 5 years after irradiation of the whole gland (TD 8/5) would occur at 4500 cGy, the TD 13/5 is 6000 cGy and TD 35/5 is 7000 cGy (14) . The Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) data did not describe radiation-induced hypothyroidism.
Over the past several decades, there has been a significant increase in the number of long-term survivors of standard risk medulloblastoma, with 5-year overall survival rates of approximately 85% (15) . As the number of long-term survivors increase, the need for elucidation of the relationship between thyroid radiation dose and radiation-induced primary hypothyroidism becomes increasingly important.
Materials and methods
A retrospective review was conducted of pediatric oncology patients diagnosed at our institution between 1994 and 2011, who received CSI with evaluable thyroid dose volume histogram (DVH) information, had at least 12 months of follow-up with thyroid function testing at least once, following completion of radiation, and were alive at last follow-up (Table 1) . A total of 11 males and 11 females ranging in age from 3 to 21 years at the time of CSI were identified. All patients received concurrent chemotherapy with CSI, and 21 patients (95%) received adjuvant chemotherapy. All of the 22 patients received CSI, with total CSI doses ranging between 1800 and 3600 cGy.
The dose-volume parameters of the thyroid were quantified on 3D-dose distributions derived from planning-CT images and dosevolume histograms. Serum free or total thyroxine and thyroid-stimulating hormone (TSH) levels were measured at variable intervals after the completion of CSI by conventional commercial assays. Primary 
Results
The patients' median age at time of CSI was 15.0 years for patients without hypothyroidism, and 10.7 years for children who developed primary hypothyroidism. Median follow-up time was 24 months for patients without hypothyroidism, whereas that for patients with hypothyroidism was 52.2 months (p = 0.0048).
Primary hypothyroidism was diagnosed in 13 patients (59%). Of these, 12 patients were diagnosed with subclinical hypothyroidism (92%), and one child was diagnosed with clinical hypothyroidism (8%). Primary hypothyroidism was detected at a median time of 3.5 years after CSI. Hypothyroidism occurred in 72.2% of males and in 45.5% of females (p = 0.387).
The risk factors of sex, age at end of CSI, CSI dose, minimum thyroid dose, maximum thyroid dose, and mean thyroid dose were considered. The only factor that demonstrated a trend towards significance for predicting for the development of primary hypothyroidism was mean thyroid dose ( Figure 1) , with a median value of 2080 cGy for patients with primary hypothyroidism compared to 1736 cGy for children without primary hypothyroidism (p = 0.057). There was no association between the rate of PH on the one hand, and sex, age, CSI dose, minimum thyroid dose, and maximum thyroid dose on the other hand.
Discussion
Primary hypothyroidism is a known risk associated with exposure of the thyroid gland to external beam radiotherapy. The incidence of primary hypothyroidism in our patient population following CSI was quite high, with 59% of patients developing primary hypothyroidism, as compared with one-third of patients reported in most studies (1-6). The higher incidence of primary hypothyroidism in our patient cohort can potentially be explained by our institutional practice to screen thyroid function in patients who received craniospinal radiotherapy on a yearly basis, as opposed to diagnosing patients on the basis of clinical symptoms. This disorder was recognized in our patients at a median of 3.5 years after CSI, consistent with the findings of other studies (8, 9, 16) .
The relationship between primary hypothyroidism and thyroid dose has been explored in other applications of radiotherapy, specifically in children undergoing neck irradiation for Hodgkin's disease and adults undergoing head and neck radiotherapy. In the adult population, the risk of developing primary hypothyroidism following neck irradiation ranges from 20% to 53% (11, 18) . While higher radiation doses are suggested to increase the risk of developing hypothyroidism, the dosimetric parameters for the thyroid gland that best define this risk have yet to be clearly identified (11) . Mean thyroid dose appears to better predict for the occurrence of hypothyroidism than the more complicated NTCP modeling (13) . For children undergoing neck radiotherapy in the treatment of Hodgkin's disease, a threshold total radiation dose of 2600 to 3500 cGy can help predict the development of subsequent hypothyroidism (7, 10, 19) . However, such data does not describe dosimetric parameters specific to the thyroid gland.
Our data suggest that the mean dose of irradiation received by the thyroid gland correlates with the development of primary hypothyroidism, with median values of 2080 cGy and 1736 cGy in children with and without primary hypothyroidism, respectively. In our patient population, no association was found between the rate of primary hypothyroidism and sex, age, CSI dose, thyroid volume, minimum thyroid dose or maximum thyroid dose.
Given the high incidence of hypothyroidism in this young population and the suggested relationship between hypothyroidism and mean thyroid dose, strategies to reduce the radiation dose to the thyroid may be warranted. One strategy employed at our institution is to establish the initial craniospinal junction as inferiorly as possible, which is immediately superior to the shoulders.
In this way, the thyroid gland is maximally blocked with the leaves from the cranial field. An example of this technique is demonstrated in Figure 2 . This patient undertook both the thyroid sparing technique, with an inferior craniospinal junction, and a traditional, superior junction set immediately inferior to the chin. The mean thyroid dose calculated from an example patient using the thyroidsparing technique was 1167 cGy, compared with 2902 cGy via utilizing a superior craniospinal junction (Figure 3) .
Radiation treatment planning strategies have been explored to reduce the risk of primary hypothyroidism subsequent to neck irradiation. The utilization of volumetric modulated arc therapy in the delivery of CSI can help achieve high target conformality (20) . A previous study reported a high degree of thyroid sparing with the use of protons as compared with photon 3D conformal radiation therapy (21) . At CSI doses ≥ 2000 cGy, proton plans were reported to deliver 0% thyroid irradiation as compared with 47% for photon plans.
Another strategy reported to reduce the risk of iatrogenic primary hypothyroidism is thyroid-stimulating hormone suppression. An Italian group induced TSH suppression in 14 euthyroid pediatric Hodgkin's disease patients by administration of L-thyroxine beginning 2 weeks prior to neck radiotherapy, with a rapid taper following the completion of radiotherapy (22) . TSH suppression was sufficiently obtained in 8 patients, and was inadequate in 6 patients. A statistically significant improvement in hypothyroidism-free survival was obtained for patients with adequate thyroid suppression compared with their inadequately suppressed peers, with an 8-year hypothyroidism-free survival of 75% vs. 0%, respectively (p = 0.009).
These results suggest that the thyroid has a radiation dose response. However, there are a number of limitations to our study. This is a relatively small, retrospective study with variable intervals at which thyroid function tests have been obtained. Furthermore, there is a significantly longer follow-up for patients diagnosed with primary hypothyroidism compared with patients who have yet to be diagnosed, with some in the non-hypothyroidism group potentially becoming hypothyroid in the future. These results should be validated in a larger cohort of patients. The development of new strategies to reduce the radiation dose to the thyroid gland without compromising treatment efficacy may be warranted.
